Congenital tremors (CT) type A2 is associated with porcine circovirus (PCV) and deficient and abnormal myelin. The aim of this study was to determine the tissue distribution and genetic type of PCV in 1-2-day-old pigs with naturally occurring CT type A2 using in situ hybridization, polymerase chain reaction (PCR), and indirect fluorescent antibody tests on frozen tissue sections. CT-affected and clinically normal pigs were selected from 4 farms in the midwestern USA that were undergoing outbreaks of CT type A2. All CT and most normal pigs were infected with PCV. PCV was widely distributed in tissues of infected pigs and was most common in tissues of the central nervous system and liver. In all infected pigs, there were more PCVinfected cells in brain and spinal cord than in nonneural tissues. CT pigs had many more PCV-infected cells in the brain and spinal cord than did clinically normal pigs because of a more diffuse distribution and a larger proportion of infected cells. The cells most commonly infected with PCV in brain and spinal cord were large neurons. In nonneural tissues, macrophages were the most frequent cell type infected. PCR analysis demonstrated only PCV type 2 and not PCV type 1 in all PCV-infected pigs on all 4 farms.
Congenital tremors (CT) in pigs are associated with myelin deficiency and may be caused by genetic abnormalities, 10, 20 in utero trichlorfon toxicity, 15 or in utero infection with classical swine fever virus 9 or Aujeszky's virus. 16 The most common form of CT in North America is classified as type A2. 5 The epidemiology of CT type A2 has been reviewed. 3 Disease occurs in all breeds, is not seasonal, is more common in litters of first parity sows, and is frequently associated with the introduction of replacement breeding stock from an outside source. 25 Prevalence among and within affected litters varies from 0% to 100%. Outbreaks usually last for 1-8 weeks, but disease uncommonly may be endemic. Affected pigs exhibit clonic contractions of skeletal muscles of varying severity that usually diminish and resolve by 4 weeks of age but that may continue until slaughter age. Myoclonus abates when pigs are resting and is exacerbated by external stimuli. 4, 24 Mortality in affected pigs may be as high as 50% and is the result of inability to suckle.
The association of a virus with CT type A2 has been known for many years, but the virus was only recently identified as porcine circovirus (PCV). The first researchers described an unidentified approximately 20nm cuboidal virus in filtrates from primary kidney cell From the Animal Disease Diagnostic Laboratory (Stevenson, Kiupel, Kanitz) Received for publication December 13, 1999. cultures derived from neonatal pigs with CT type A2. 12 These studies included intramuscular inoculation of pregnant sows with the cuboidal virus prepared as a filtrate of kidney cell culture supernatant, which resulted in the birth of litters with congenital tremors.
Recently, this cuboidal virus was confirmed as PCV by polymerase chain reaction (PCR) and partial genomic sequencing (S.K. Mittal, unpublished data). In 1982, the name PCV was first proposed for a small 17-nm icosohedral virus with a circular DNA genome, 27 which was previously described in 1974 by the same research group as a picornavirus-like particle chronically infecting the PK-15 porcine kidney cell line. 29 Other researchers in 1994 purified a virus on cesium chloride gradients from primary kidney cell cultures obtained from a pig with CT type A2 and identified the virus as PCV, based on morphology and indirect immunologic methods. 11 Subsequent subcutaneous, intranasal, and oral inoculation of pregnant sows in the last third of gestation with this purified virus resulted in the birth of pigs with congenital tremors. PCV was reisolated from intestinal tissues but not nervous tissues of pigs with CT and not from tissues of normal control pigs derived from sham-inoculated dams. The distribution of PCV in tissues of pigs with CT is not known, and PCV has never been demonstrated in the nervous tissues of pigs with CT. PCV has also recently been associated with a postweaning multisystemic wasting syndrome (PMWS) in pigs. 6 Isolates of PMWS-associated PCV are genetically and antigenically different from the PK-15 cell PCV. 1, 2, 8, 18 Isolates of PCV that are genetically similar to PK-15 cell PCV are referred to as PCV1 and those similar to the first characterized PMWS isolates are referred to as PCV2. 17 The genetic type(s) of PCV causing CT is not known. The purpose of this study was to determine the tissue distribution and genetic type(s) of PCV in pigs with naturally occurring CT type A2 in the United States.
Materials and methods
Study design. Pigs Ͻ2 days of age were selected from 4 farms in the midwestern United States that were experiencing outbreaks of disease consistent with CT type A2. From each farm, 2-4 pigs with CT (n ϭ 13) and 1 or 2 clinically normal pigs (n ϭ 6) were transported to the Purdue Animal Disease Diagnostic Laboratory (Lafayette, IN), where they were euthanized with pentobarbitol. Necropsy examinations were performed, and tissues were collected for testing. Samples of cerebrum, cerebellum, pons, spinal cord segments C1, C4, C7, T3, T6, T9, T12, L2, L5, and S2, lung, liver, kidney, spleen, tonsil, and mesenteric and inguinal lymph nodes were collected in neutral buffered formalin or frozen at Ϫ20 C for testing.
Histopathology and in situ hybridization. Tissues were fixed at room temperature for 24 hr, embedded in paraffin, sectioned, and stained with hematoxylin and eosin by routine methods. All tissues were evaluated for microscopic lesions. In situ hybridization was accomplished using a PCV oligonucleotide probe known to hybridize with both PCV1 and PCV2 as previously described. 13, 21 The PCV-specific oligonucleotide was 3Ј-end labeled with digoxigenin. a After deparaffinization, proteolytic digestion with 0.25% pepsin for 8 min at 105 C followed by 10 min at 37 C, washes in automation buffer, and prehybridization with 100% formamide for 5 min at 105 C, hybridization was performed for 5 min at 105 C and 60 min at 37 C with a probe concentration of 5 l/ml using a commercial workstation. b High-stringency washes with saline sodium citrate buffer were performed to ensure binding of probe and target. The detection system consisted of the antidigoxigenin antibody conjugated with alkaline phosphatase (dilution 1:500) a applied at 37 C for 45 min and the substrates NBT/X-Phos a (nitro-blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate). Dye reduction to insoluble blue formazan was allowed for 45, 90, and 180 min on serial sections. Controls included dot-blot slides of PCV1-infected PK-15 cells, 23 brain, spinal cord, and lymphoid tissue from PCV2-infected pigs 14 and PCV-free gnotobiotic pigs. Slides incubated with hybridization solution without probe were used as negative reagent controls.
PCR analysis. PCR analysis of cerebellum and liver samples from all pigs was performed to determine the genotype of PCV as type 1 or type 2. Controls were the same as used for in situ hybridization. Tissues were homogenized in an equal volume of TE (10 mM Tris HCl, 1 mM ethylenediammetetracetic acid EDTA, pH 7.5) using a tissumizer. Total cellular DNA was extracted using a standard protocol. 22 Primer sets were designed to be specific for PCV1 17 or PCV2 8 and were used to amplify PCV sequences by PCR using Vent DNA polymerase. c PCR-amplified DNA samples were analyzed on 1% agarose gel by electrophoresis, and the bands of the expected size were visualized with an ultraviolet transilluminator. Specificity of PCR results was confirmed by sequence analysis (unpublished data).
Frozen-section indirect immunofluorescent antibody testing. Samples of liver and cerebellum that had previously tested positive for PCV by in situ hybridization were selected from 1 pig from each herd. Indirect fluorescent antibody testing was completed to confirm the presence of PCVspecific antigen. Frozen tissue sections were prepared, and indirect fluorescent antibody tests were performed by routine methods using a commercially available polyclonal antibody d produced against purified PCV2 raised in a rabbit at a 1:500 dilution and fluorescein-conjugated murine anti-rabbit IgG at 1:250 dilution.
Testing for other agents. Routine testing using indirect immunofluorescence for other swine viral agents, including pseudorabies virus, e swine influenza virus, e porcine rotavirus, e porcine hemagglutinating encephalomyelitis virus, e porcine parvovirus, f and transmissible gastroenteritis virus, f was completed at Purdue Animal Disease Diagnostic Laboratory using commercially available diagnostic tests. Samples of serum, spleen, and lung were tested by virus isolation in swine primary alveolar macrophage cell cultures for porcine reproductive and respiratory syndrome (PRRS) virus. Samples of brain, spleen, and tonsil were tested by direct fluorescent antibody tests and virus isolation in swine turbinate cells for pseudorabies virus. Samples of brain, spleen, and tonsil were tested in swine turbinate and swine testicular cells for cytopathic viruses.
Results
All 4 farms experiencing outbreaks of CT purchased all replacement breeding stock from outside sources. Sources of breeding stock were different for each farm, and pigs on each farm were not generally related to pigs on other farms. On the farms where pigs were retained to slaughter age, there was no recent history of PMWS. All pigs with CT that were selected for study were Յ48 hours old and had moderate to severe tremors that were most severe when pigs attempted voluntary movements. Tremors partially abated when pigs rested. All pigs selected as age-matched clinically normal control pigs originated from litters with no CT pigs. All pigs selected for testing were alert, active, and otherwise clinically normal.
There were no gross or microscopic lesions in any CT or normal pigs. All tests for PRRS virus, pseudorabies virus, and other cytopathic viruses were negative. PCV was demonstrated by in situ hybridization, PCR, and indirect fluorescent antibody testing in tissues from 13 of 13 CT pigs and from 5 of 6 clinically normal pigs. Central nervous system (CNS) and liver were most commonly infected with PCV in both CT and clinically normal pigs. In situ hybridization demonstrated PCV in PCV-positive pigs in CNS tissues of 12/13 CT and 5/6 clinically normal pigs, in liver of 11/13 CT and 2/6 clinically normal pigs, and in a low-er proportion of all other tissues in CT and 5/6 clinically normal pigs. Few scattered cells that were morphologically typical of macrophages were positive in liver and other nonnervous tissues. PCV nucleic acid was found only in the cytoplasm of most positive macrophages and in the nuclei of a few positive macrophages. There were more PCV-positive cells in the CNS tissues of both CT and clinically normal pigs than in other tissues. Positive cells in the brain and spinal cord were predominantly large neurons, with fewer positive small neurons and rare positive oligodendrocytes. Large neurons in cerebral and medullar nuclei were positive, Purkinje cells in the cerebellum were positive, and large neurons in the spinal gray matter, especially lower motor neurons, were positive. Like macrophages, positive neurons usually had PCV nucleic acid only in the cytoplasm and rarely in the nucleus.
PCV-infected cells in the CNS were more numerous ( Figs. 1-6 ) and more widely distributed (Table 1) in CT pigs than in clinically normal pigs. Generally, CT pigs had large numbers of positive large neurons diffusely distributed in the brain and spinal cord. Clinically normal pigs had fewer PCV-positive large neurons distributed multifocally in the brain and spinal cord.
Indirect fluorescent antibody testing on frozen sections of cerebellum and liver from a single pig from each herd confirmed the results of in situ hybridization testing. PCV-specific antigens were demonstrated in approximately the same number and type of cells and in the same cellular locations as were PCV-specific nucleic acids with in situ hybridization (data not shown). PCR analysis of cerebellum and liver from all pigs demonstrated amplification of PCV2-specific sequences but not PCV1-specific sequences in all positive pigs from all 4 farms (data not shown).
Discussion
During outbreaks of CT type A2, both clinically normal and CT pigs were infected with PCV2 at 1-2 days of age. Both types of pigs probably were born virus infected. PCV2 was widely distributed in all infected pigs and was most common in CNS tissues. However, there were many more PCV-infected cells in the brain and spinal cord of CT pigs than in clinically normal pigs because of more diffuse distribution and a larger proportion of infected cells. The most commonly infected cells were large neurons in the brain and spinal cord and macrophages in nonneural tissues. Few oligodendrocytes were infected.
Previous studies have demonstrated that CT pigs are born with deficient myelin in the brain and spinal cord. 4 Other studies demonstrated that CT pigs had abnormally immature myelin composed of dispropor-tionately low cerebroside and high cholesterol esters relative to age and genetically matched normal control pigs. 19 The hypothesis prior to this study was that oligodendrocytes are the primary cell infected with PCV in the CNS, accounting for reduced and abnormal myelin synthesis. The finding of large numbers of PCVinfected neurons in the brain and spinal cord was surprising and may be a significant cause of CT apart from or in addition to myelin deficiency. Previous studies determined that the degree of myelin deficiency in CT pigs was variable and not closely correlated with the severity of tremors. 24 This finding suggests that dysmyelinogenesis alone cannot account for CT. In 1 study, surgical ablations were performed on the nervous system of CT and control pigs, including decerebration, unilateral labyrinthectomy, unilateral rhizotomy of lumbosacral roots, and transection of the thoracic spinal cord, and it was determined by post surgical neurological examinations that the cause of tremors is located at the spinal cord level. 7 Others determined that the spinal reflex in CT pigs is monosynaptically hyperexcitable. 26 PCV infection of motor neurons in the spinal cord may have a direct effect on function, rendering these neurons more excitable and thus influencing spinal reflex arcs.
The paucity of PCV2-infected oligodendrocytes does not support the hypothesis of dysfunction of PCV2-infected oligodendrocytes as the cause of myelin deficiency in CT type A2. However, we did not confirm myelin deficiency in these pigs, so it is possible that none existed. In addition, we cannot rule out previous PCV-induced loss and removal of oligodendrocytes in these pigs. The granulomatous inflammatory reaction that is associated with PCV2 infection in pigs with PMWS was not observed in any PCV2-infected tissues of these CT pigs. The reason for a lack of inflammation is not clear, but in utero infection with PCV might induce immunotolerance.
In PCV isolates from all 4 CT herds in this study, PCV sequences were amplified using PCV2-specific primer sets, indicating significant genetic homology or identity with PCV2. Yet in 3 of the herds that retained pigs to slaughter age, there was no evidence of PMWS in growing pigs. It is not known whether these CT PCV2 isolates have the potential to cause PMWS. PCR results were confirmed with sequence analysis of PCR products, and PCV2 was isolated from the spinal cords of selected pigs and purified, and its entire genome was sequenced (unpublished data). Full genomic sequencing is needed to determine the degree of homology between various PCV2 isolates originating from cases of CT type A2 and PMWS. It is not known what genetic type(s) of PCV was used in previous studies to reproduce CT type A2. 11, 12 Currently, 2 isolates that were used to reproduce CT in the early 1970s are being characterized (C.L. Konitz, unpublished data). It is unknown whether PCV1 is also associated with CT type A2. It is also not yet proven that PCV2 isolates from cases of CT type A2 can cause CT when inoculated into susceptible pregnant swine.
Macrophages are the primary cell type infected with PCV in nonneural tissues of pigs with CT and PMWS. 13 In contrast, large numbers of neurons are infected in the brain and spinal cord of pigs with CT but not in pigs with PMWS (G.W. Stevenson, unpublished data). This difference may be due to age at infection. PCV requires cell division to replicate. 28 Because neuronal cell division occurs nearly exclusively during fetal development, fetal infection would likely be required for neuronal infection. Much remains to be discovered about the epidemiology and pathogenesis of CT type A2. Further work is needed to understand the role of PCV in CT type A2 and the relationship between PCV isolates associated with CT and with PMWS.
